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Geminivirus DNA replication during the rolling-circle stage depends on the use of a DNA primer, a strategy poorly
understood as compared with other eukaryotic viral systems that rely on RNA or protein as primers. Here we have used
wheat dwarf virus (WDV) with the aim of elucidating the events leading to recruitment of cell factors at the replication origin.
We have identified a novel interaction of WDV Rep, the replication initiation protein, with the large subunit of the wheat
replication factor C complex (TmRFC-1). In other systems, the heteropentameric RFC clamp loader complex stimulates
loading of DNA polymerase  to the primer-template. Expression of TmRFC-1 is subjected to cell-cycle regulation, with a peak
in early S-phase. We show that WDV Rep stimulates binding of recombinant TmRFC-1 to a model substrate containing a 3-OH
terminus and a WDV Rep-binding site. This was confirmed using cellular fractions enriched for wheat RFC complex,
supporting the idea that, in addition to generating a 3-OH terminus during initiation of DNA replication, WDV Rep could
participate in the recruitment of RFC to the newly formed primer. We propose that this pathway may represent an initial event
to facilitate the assembly of other replication factors, e.g., PCNA and/or DNA polymerase , a model that could also apply
to other eukaryotic replicons, such as nanoviruses, circoviruses, and parvoviruses with a similar DNA replication strategy.rolling-INTRODUCTION
The inability of DNA polymerases to initiate DNA rep-
lication imposes the need to use a preexisting primer for
further elongation by replicative complexes. Three basic
mechanisms, used by a variety of viruses, have evolved,
depending on the molecular nature of the available
3-OH primer-terminus. One mechanism relies on the
use of newly synthesized RNA primers, e.g., papovavi-
ruses (Hassell and Brinton, 1996; Brush and Kelly, 1996).
In others, e.g., adenoviruses, priming depends on the
use of a viral protein (Salas et al., 1996). The third strat-
egy depends on the use of a DNA primer and occurs in
single-stranded DNA (ssDNA) viruses, e.g., parvoviruses
(Cotmore and Tattersall, 1996) and geminiviruses (Bisaro,
1996). In the first two cases (RNA- and protein-priming),
the steps required to assemble an elongation complex
on the 3-OH primer-terminus have been largely eluci-
dated. In contrast, direct data on the pathway that leads
to the recruitment of replication factors to the 3-OH
primer-terminus during the geminivirus DNA-primed
DNA replication stage are lacking.
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383Geminiviruses, a large family of plant DNA viruses
which represent severe threats for economically impor-
tant crops worldwide (Moffat, 1999), constitute a model of
choice to study the initial steps of DNA-primed DNA
replication for several reasons (reviewed in Hanley-Bow-
doin et al., 1999; Gutierrez, 1999). First, the virus replica-
tion cycle involves two main stages: conversion of its
ssDNA genome into a double-stranded DNA (dsDNA)
intermediate and, in a second stage, amplification and
generation of ssDNA viral genomes. It is well estab-
lished that this stage occurs through a rolling-circle rep-
lication (RCR) mechanism (Stenger et al., 1991; Saunders
et al., 1991). Second, the geminivirus genome encodes a
replication initiator protein (Rep) which interacts with the
geminivirus origin and forms distinct DNA–protein com-
plexes (Fontes et al., 1992; Lazarowitz et al., 1992; Sanz-
Burgos and Gutierrez, 1998; Akbar Behjatnia et al., 1998;
Castellano et al., 1999). In the case of wheat dwarf virus
(WDV), one type of Rep–DNA complex can assemble
around the initiation site under conditions supporting the
initiation reaction in vitro (Castellano et al., 1999). Third,
geminivirus Rep initiates DNA replication at the RCR
stage by introducing a site-specific nick, thus providing a
3-OH DNA primer-terminus for further elongation (Stan-
ley, 1995; Heyraud-Nitschke et al., 1995). Finally, since
Rep is the only viral protein required for DNA replication,© 2002 Elsevier Science (USA)
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cell factors is thought to be established by interfering with,
among others, cell-cycle and DNA replication control path-
ways in the infected cells (reviewed in Gutierrez, 2000).
Here, we have aimed at obtaining data to elucidate the
events leading to the recruitment and assembly of cel-
lular factors on the 3-OH DNA primer-terminus and to
assess whether the geminivirus Rep could assist at this
stage. To this end, we have combined a yeast two-hybrid
approach with biochemical fractionations of WDV repli-
cation-proficient wheat-cell extracts. We have uncovered
an interaction between WDV Rep and the clamp loader
or replication factor C (RFC), which may represent an
early step in the assembly of an elongation complex
during geminivirus DNA-primed DNA replication. We dis-
cuss the possible general relevance of our study to other
viruses that use this replication strategy.
RESULTS
RFC-1, the large subunit of the clamp loader, interacts
with WDV Rep
The geminivirus genome encodes just a few proteins,
none of which has a DNA polymerase activity. Therefore,
after Rep-mediated initiation of DNA-primed DNA repli-
cation, the cellular DNA replication machinery must get
access to the newly formed 3-OH primer-terminus. We
reasoned that if geminivirus Rep protein plays any role at
this stage it might interact with cellular proteins, e.g.,
DNA polymerase(s) and/or accessory factors. To test this
hypothesis, we screened a cDNA library of Triticum
monococcum (Tm) suspension cultured cells (Xie et al.,
1999), fused to the Gal4 activation domain, in the yeast
two-hybrid assay using as a bait WDV Rep, fused to the
Gal4 DNA-binding domain. After transformation of WDV
Rep-expressing yeast cells with the cDNA library, we
were able to isolate several positive clones that grew in
selective medium, supplemented with 3-AT, and were
positive in a -galactosidase assay.
Sequencing of the inserts present in the positive clones
and the subsequent homology analysis against the avail-
able databases revealed that they corresponded to four
distinct proteins. One did not show significant similarity to
any protein in the database. Two other clones had similar-
ities to the broad family of NTP-binding proteins and to the
TFIIIA transcription factor, and they will not be the subject of
the present study. The fourth clone, 1956 bp in length,
including a poly(A) tract, was studied here in detail. Using
this as a query in a sequence database search, we re-
trieved sequences corresponding to different subunits of
the eukaryotic clamp-loader (replication factor C, or RFC), in
particular its large subunit, RFC-1. Additional sequence
analysis revealed that the cDNA clone isolated here corre-
sponded to a partial cDNA clone encoding the C-terminal
half of the large subunit of RFC (TmRFC-1).
The alignment of TmRFC-1 with the available RFC-1
sequences revealed the existence in the plant protein of
highly conserved amino acid motifs, typical of RFC-1 (Fig.
1A), including domains IV through VIII, crucial for several
RFC activities (Cullman et al., 1995; Mossi and Hu¨bscher,
FIG. 1. The large subunit of wheat RFC. (A) Alignment of TmRFC-1 with
those of other species including human (Hs), mouse (Mm), duck (Ap), Dro-
sophila melanogaster (Dm), Saccharomyces cerevisiae (Sc), Schizosaccharo-
myces pombe (Sp), Emericella nidulans (En), and Caenorhabditis elegans
(Ce). Highly conserved domains are highlighted by black boxes. The align-
ment refers only to the region present in the TmRFC-1 isolated in this work.
(B) Detection of TmRFC-1 transcripts by RNAgel blot hybridization of total RNA
preparations (left) of wheat shoots and leaves (S), roots (R), and cultured cells
(C), and of poly(A) (right) preparations of cultured wheat cells. A double-
headed arrow points to the TmRFC-1 transcript. RNA markers are shown. (C)
Cell cycle-dependent expression of the TmRFC-1 gene. Northern analysis of
total RNA prepared from cultured cells treated with hydroxyurea and released
from the blockage for the indicated times. Histone H4 was used as a marker
of S-phase and rRNA (28S) as a loading control.
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1998). However, the PCNA-binding domain was not
present in the TmRFC-1 clone. Consistent with this,
PCNA was not recovered as an interactant in a yeast
two-hybrid screen using TmRFC-1 as a bait (not
shown). In addition, other conserved residues could be
identified in TmRFC-1 (Fig. 1A), whose functional rele-
vance remains to be determined.
To analyze the expression of the TmRFC-1 gene, we
first carried out a Northern analysis on total RNA prep-
arations from different tissues. This study revealed that
the TmRFC-1 transcript was undetectable in organs
largely composed of nonproliferating cells (shoots and
leaves, and roots), while a faint band was detected in
RNA preparations of suspension cultured cells (Fig. 1B,
left panel). Using a purified poly(A) mRNA preparation of
suspension cultured cells, a major 3.9-kb species was
detected (Fig. 1B, right panel). Attempts to isolate a
full-length cDNA clone have failed so far and they were
not followed up in this work as the TmRFC-1 isolated
retained the domains mediating its interaction with WDV
Rep (see also below).
We also investigated whether TmRFC-1 gene expres-
sion was subjected to cell-cycle regulation. Cultured
cells can be partially synchronized by treatment with
hydroxyurea (HU), which yields a cell population en-
riched for early S-phase cells of which a large proportion
progresses through S-phase upon HU removal (Ramirez-
Parra et al., 1999; Boniotti and Gutierrez, 2001). HU-
treated cells accumulated TmRFC-1 mRNA shortly after
transferring them to HU-free medium (Fig. 1C; 10 min).
This level was maintained for a few hours until it became
undetectable (Fig. 1C, 5 h), coinciding with the peak of
expression of histone H4 mRNA, a marker of S-phase
(Reichheld et al., 1995; Ramirez-Parra et al., 1999; Boniotti
and Gutierrez, 2001). This increase in the TmRFC-1 gene
expression was not simply the result of medium renewal
since it was not observed when HU-treated cells were
transferred to HU-containing fresh medium (not shown).
WDV Rep/TmRFC-1 interaction with purified proteins
We confirmed the WDV Rep/TmRFC-1 interaction de-
tected in yeast using pull-down experiments with purified
proteins. Bacterially expressed TmRFC-1 protein fused
to the glutathione-S-transferase protein (GST-TmRFC-1)
was able to bind specifically to in vitro transcribed and
translated 35S-labeled WDV Rep protein (Fig. 2A). This
result was confirmed using WDV Rep protein fused to the
maltose binding protein (MBP-Rep) and in vitro trans-
lated TmRFC-1 that was specifically bound by MBP-Rep
but not by MBP alone (Fig. 2B). This indicates that, under
the in vitro conditions used, purified WDV Rep and
TmRFC-1 can interact.
These results, along with the biochemical properties
of RFC in DNA replication (Mossi and Hu¨bscher, 1998),
prompted us to study in more detail the interaction be-
tween WDV Rep protein and TmRFC. Since the interac-
tion with WDV Rep is retained in the truncated TmRFC-1
protein, we speculate that it may reflect events relevant
for the mechanism of geminivirus DNA replication.
Detection of RFC-1 in suspension cell extracts
We first attempted to detect the RFC-1 protein in sus-
pension cell extracts using monoclonal antibodies
against human RFC-1 (Bunz et al., 1993), but the data
were difficult to interpret. Therefore, we generated a rat
polyclonal serum against a peptide derived from a C-
terminal region close to the end of the TmRFC-1 polypep-
tide (amino acid positions 486–500 of the 543 amino acid
of the TmRFC-1 isolated here), as described under
Materials and Methods. As expected, this serum de-
tected recombinant TmRFC-1 (Fig. 3; GST-TmRFC-1). It
also revealed a band of apparent electrophoretic mobility
corresponding to a125-kDa protein in total suspension
cell extracts (Fig. 3; total extract), whose size is consis-
tent with that of full-length RFC-1 subunit of other
sources. The detection conditions were specific since
neither purified GST-TmRFC-1 nor the 125-kDa band
present in whole-cell extracts was revealed with a pre-
immune serum or after adding an excess of competitor
peptide (Fig. 3). Furthermore, this band is specifically
bound to PCNA, as shown below (see Fig. 5), further
supporting the idea that it may really correspond to RFC.
It should be also noted that the 125-kDa TmRFC-1
polypeptide was highly sensitive to proteolytic cleavages
converting the full-length TmRFC-1 protein into a 65-
kDa form, that is competed out by the specific peptide
(Fig. 3), and a 80- to 85-kDa form (not apparent here,
but see below). This occurred frequently during extract
FIG. 2. Interaction of WDV Rep and TmRFC-1 in pull-down assays.
(A) In vitro translated WDV Rep was incubated with purified TmRFC-1
fused to GST (GST-TmRFC-1) or GST alone and the bound proteins
identified by SDS–PAGE. (B) In vitro translated TmRFC-1 was incu-
bated with purified WDV Rep fused to maltose-binding protein (MBP) or
MBP alone and the bound proteins analyzed as for the upper panel.
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manipulation, under different conditions and even after
storage at 20°C.
WDV Rep stimulates binding of TmRFC-1
to a primer-terminus
Initiation of DNA replication during geminivirus RCR
(DNA-priming stage) depends on the activity of the viral
initiator protein Rep. Upon interaction with specific DNA
sequences at the viral origin, Rep introduces a se-
quence-specific nick in the virion-sense genomic strand
of the dsDNA intermediate (reviewed in Hanley-Bowdoin
et al., 1999; Gutierrez, 1999). The initiation site in the
geminivirus genome is located within a potential loop
structure (Fig. 4A; top), which together with the stem is
characteristic of all geminiviruses reported so far (Han-
ley-Bowdoin et al., 1999; Palmer and Rybicki, 1998). In the
case of WDV, the stem contains a GT-rich sequence (Fig.
4A; top), which seems to direct the assembly of a multi-
meric Rep-DNA structure (the O-complex) around the
initiation site under conditions that support the initiation
reaction in vitro (Castellano et al., 1999). Initiation con-
sists of a WDV Rep-mediated cleavage within the loop
(Heyraud-Nitschke et al., 1995; Castellano et al., 1999),
which generates a 3-OH primer-terminus (Fig. 4A, top).
To use this as a primer for elongation by the DNA
replication machinery, the 3-OH-containing end (derived
from the loop) must pair properly with the complemen-
tary DNA strand. This putative, although necessary, step
would render a paired dsDNA molecule with a nick at the
initiation site. Elongation by purified DNA polymerases
occurs efficiently when a ssDNA stretch is present
ahead of the 3-OH primer-terminus, a structure that
could be formed if other proteins, e.g., a helicase, par-
ticipate in the formation of the elongation complex. The
unavailability of all proteins necessary for elongation
prevented the use of the real initiation product in further
studies of WDV Rep/TmRFC-1 interactions at the initia-
FIG. 4. Interaction of WDV Rep and TmRFC-1 with DNA analyzed by
EMSA. (A) Schematic representation of the WDV stem-loop structure
(only the viral-sense strand is shown) and the product after the nicking
initiation reaction by WDV Rep (top), and the DNA substrate designed
to mimic (bottom). The putative WDV Rep binding site in the stem
(GT-rich stretch) is depicted by a black box and the 3-OH primer-
terminus by a small black circle. Other details are given in the text. (B)
EMSA of GST-TmRFC-1 (250 ng per lane, top) and WDV Rep (100 ng
per lane, bottom) with different binding substrates (50 fmol of radiola-
beled substrate per lane). The WDV Rep binding site is depicted by a
vertical bar and the primer-terminus is depicted by a small black circle.
(C) EMSA to evaluate the stimulation of GST-TmRFC-1 (10 ng) binding
to DNA by WDV Rep (250 ng). The DNA binding substrates used are
shown above the gels. Stimulation indicates the ratio between the
amount of probe retained in the well in lanes containing WDV Rep and
GST-TmRFC-1 and that in lanes containing WDV Rep, normalized to
lanes containing GST-TmRFC-1 alone.
FIG. 3. Detection of RFC with anti-TmRFC-1 antiserum in wheat cell
extracts. Western blots of gels containing total wheat cell extract (25
g) or purified GST-TmRFC-1 (10 ng) probed with rat preimmune
serum (Preimm) or immune serum (-TmRFC-1) in the absence or
presence, as indicated, of a 1000-fold excess of the TmRFC-1 peptide
as competitor.
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tion site and, therefore, we used model DNA substrates
in the binding studies described below.
One study was designed to structurally mimic the
product of the WDV Rep-mediated initiation reaction and,
thus, contained the viral DNA sequence present in the
stem and included the GT-rich stretch, together with a
3-OH terminus (Fig. 4A; bottom). Using a combination of
this and other substrates, we found that binding of puri-
fied GST-TmRFC-1 to DNA was strictly dependent on
the presence of a 3-OH terminus in the substrate (Fig.
4B, top). This is in agreement with previous studies with
yeast and human RFC (Tsurimoto and Stillman, 1990,
1991; Lee et al., 1991; Yoder and Burgers, 1991; Fien and
Stillman, 1992). This result also confirms that the trun-
cated TmRFC-1 polypeptide used in our study retained
the minimal domains required for both specific interac-
tion with DNA (Mossi and Hu¨bscher, 1998) and binding to
Rep. Under our binding conditions (in the presence of
Mg2 and ATP), WDV Rep formed complexes with all the
substrates used (Fig. 4B, bottom). This is consistent with
its known binding affinity to both dsDNA and ssDNA
(Castellano et al., 1999; Missich et al., 2000; see also Fig.
4C, lane 2), as is also the case with other geminivirus
Rep proteins (Tho¨mmes et al., 1993). To evaluate whether
WDV Rep stimulated binding of RFC-1, we used low
amounts of GST-TmRFC-1 that barely produced detect-
able binding to a DNA (Fig. 4C, lanes 1 and 4). DNA–
protein complexes could not enter the gel, in agreement
with their large size determined by DNaseI footprinting
analysis (Castellano et al., 1999; Missich et al., 2000).
Under these conditions, WDV Rep produced a 4.3-fold
stimulation of GST-TmRFC-1 binding to a DNA sub-
strate containing a 3-OH terminus at the dsDNA–ssDNA
junction (Fig. 4C, lane 6), based on quantification of the
amount of probe retained in the wells. This stimulation
was only marginal (1.1-fold) when the DNA-binding sub-
strate did not contain the 3-OH terminus (Fig. 4C, lanes
1–3). Therefore, we concluded that WDV Rep and
TmRFC-1 physically interact on a DNA molecule con-
taining a 3-OH primer-terminus that may mimic the prod-
uct of the initiation reaction. Furthermore, WDV Rep fa-
cilitates the recruitment of TmRFC-1 to a 3-OH primer-
terminus, an observation strongly suggesting that
this may also occur during geminivirus DNA replication
between WDV Rep and the genuine, heteropentameric
(TmRFC) complex.
Interaction of WDV Rep with cellular TmRFC is
stimulated by DNA
To determine whether the observed interaction be-
tween WDV Rep and TmRFC-1 also occurs with the
genuine RFC complex, we set up a fractionation proce-
dure of wheat-cultured cells. Detection of its large sub-
unit using the anti-TmRFC-1 serum served to monitor the
presence of wheat RFC throughout purification. A hall-
mark of the yeast and human RFC complex is its binding
affinity for PCNA, the DNA polymerase  processivity
factor (Burgers, 1991; Mossi et al., 1997). Therefore, to
obtain a cellular fraction enriched for RFC, we included a
PCNA-affinity column after two ion-exchange chromatog-
raphy steps (Fig. 5A), as previously described (Gerik et
al., 1997).
The material bound to the PCNA-affinity column con-
tained a 125-kDa protein detected with the anti-
TmRFC-1 after elution with high salt buffer (Fig. 5B). A
85-kDa polypeptide was also revealed that corre-
sponded to a proteolytic product of the large subunit,
already present after the initial column and which we
have been unable to eliminate so far after testing a
variety of conditions. At the final stage, the 65-kDa
polypeptide was not detected, most likely because it
consists of a C-terminal truncated form lacking the
PCNA-binding domain. We also investigated whether
TmRFC binds to WDV Rep using a WDV Rep-affinity resin,
instead of the PCNA-affinity column. In this case, the
FIG. 5. Chromatographic properties of wheat RFC. (A) Flow chart of
the preparation of a wheat-cell fraction enriched for RFC. (B) Detection
of wheat RFC by Western blot analysis. NR, not retained.
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-TmRFC-1 antiserum barely detected a polypeptide in-
dicative of the presence of TmRFC (Fig. 5B). Interestingly,
when DNA containing a Rep-binding site and a 3-OH
terminus, used previously in our gel-shift assays, was
added to the Rep matrix prior to binding of the cell
fraction, the 85-kDa polypeptide was revealed by the
-TmRFC-1 antiserum. Consistent with results described
above, these data confirm that TmRFC interacts with
PCNA and strongly support the notion that DNA contain-
ing both a Rep-binding site and a 3-OH terminus stim-
ulates (or stabilizes) the WDV Rep/TmRFC interaction.
WDV Rep stimulates the formation of
DNA/Rep/TmRFC complexes
The gel-shift assays shown above strongly suggested
complex formation of WDV Rep and RFC with DNA.
However, the large apparent size of these complexes
precluded fractionation by gel electrophoresis. We eval-
uated the formation of DNA/Rep/TmRFC complexes by
gel filtration chromatography comparing the behavior of
recombinant GST-TmRFC-1 protein with that of a cellu-
lar fraction enriched for RFC, either in the absence or in
the presence of WDV Rep. A single peak corresponding
to GST-TmRFC-1/DNA complexes was clearly detected
(Fig. 6A; triangles), while in the case of WDV Rep/DNA
complexes, a broad peak appeared (Fig. 6A; squares).
This is consistent with the oligomerization pattern and
ssDNA- and dsDNA-binding properties of WDV Rep
(Castellano et al., 1999; Missich et al., 2000). Addition of
GST-TmRFC-1 and WDV Rep together increased com-
plex size (Fig. 6A, diamonds). We believe that this in-
crease, although apparently small, is significant, as it
corresponds to the first fractions of the column. A similar
pattern was obtained when the TmRFC-containing mate-
rial retained in the PCNA-affinity column was added
instead of purified GST-TmRFC-1 (Fig. 6B; diamonds). In
this case, the amount of large complexes detected was
smaller, most likely due to a lower amount of genuine
RFC available in the mixture. In all cases, the specificity
of these interactions was confirmed using MBP or GST
alone, which did not form complexes with the model
DNA substrate (Fig. 6C).
DISCUSSION
Geminiviruses, ssDNA replicons that infect plants, use
a rolling-circle replication strategy that includes the ex-
tension of a newly formed 3-OH primer-terminus gener-
ated by the initiator protein Rep (Hanley-Bowdoin et al.,
1999; Gutierrez, 1999). Here, we show that WDV Rep
interacts with RFC-1, the large subunit of the eukaryotic
RFC clamp loader, and it seems to stimulate binding to a
3-OH-containing DNA substrate. These data provide ev-
idence supporting a stepwise model for the assembly of
an elongation complex during geminivirus DNA-primed
DNA replication. This model, or slight variations, may
also apply to other geminiviruses as well as to other
eukaryotic replicons that use a similar replication strat-
egy.
The two main stages during geminivirus DNA replica-
tion are the conversion of its ssDNA genome into a
dsDNA replication intermediate and, then, the use of this
dsDNA form in a RCR-mediated amplification stage
(Stenger et al., 1991). All geminiviruses sequenced so far
share a potential stem-loop structure that is crucial for
the second replication stage (Orozco and Hanley-Bow-
doin, 1996). This strict requirement is based on the fact
that the loop, a crucial structure for viral DNA replication
(Lazarowitz et al., 1992; Roberts and Stanley, 1994;
Orozco and Hanley-Bowdoin, 1996), contains the DNA
replication initiation site that has been mapped in vivo
(Stenger et al., 1991; Heyraud et al., 1993; Stanley, 1995)
and in vitro (Heyraud-Nistchke et al., 1995; Laufs et al.,
1995; Castellano et al., 1999).
FIG. 6. Interaction of WDV Rep, GST-TmRFC-1, and TmRFC-enriched
fractions with DNA analyzed by gel filtration on Sepharose 4B columns.
EMSA reactions similar to those described for Fig. 4 were scaled up to
100 l and loaded onto the columns, as described under Materials and
Methods. The proteins as well as the DNA used in each case are
described within the boxes in each panel.
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DNA sequences around the initiation site are required
to build up a functional replication origin which exhibits
a modular organization (Fontes et al., 1994; Orozco et al.,
1997; Sanz-Burgos and Gutierrez, 1998). In the case of
WDV, deletion analyses have established the boundaries
of the minimal replication origin (core; Sanz-Burgos and
Gutierrez, 1998). The 5 boundary of this core element is
located relatively far away from the initiation site (170
bp upstream). The core region contains the complemen-
tary-sense promoter close to its 5 border and the po-
tential stem-loop structure, near its 3 end (Sanz-Burgos
and Gutierrez, 1998). The location of two different types
of WDV Rep-DNA multimeric complexes has been
mapped at the nucleotide level. These are a high-affinity
C-complex, which covers a 70- to 80-bp region con-
taining the initiation site for complementary-sense tran-
scription (Sanz-Burgos and Gutierrez, 1998; Castellano et
al., 1999), and a low-affinity O-complex which assembles
around the stem-loop structure (Castellano et al., 1999).
The large size of these complexes is fully consistent with
the ability of WDV Rep to oligomerize (Missich et al.,
2000), as also shown for other geminiviruses (Horvath et
al., 1998; Orozco et al., 2000). Assembly of the WDV
Rep–DNA complexes seems to occur in a stepwise man-
ner in which Rep monomers, which have a high DNA-
binding affinity, initially interact with DNA and then form
an oligomeric protein–DNA complex (Missich et al.,
2000). The O-complex seems to be responsible for the
initiation of DNA-primed DNA replication since WDV Rep
can form this complex under conditions that allow this
viral protein to carry out the initiation reaction on the
same DNA substrate (Heyraud-Nistchke et al., 1995;
Castellano et al., 1999). The WDV Rep-mediated initiation
reaction, a site-specific nick in the virion-sense strand,
results in the production of a free 3-OH terminus while
Rep remains covalently linked to the phosphorylated
5-OH end (Laufs et al., 1995).
In eukaryotes, the efficient binding of a processive
DNA polymerase complex to a 3-OH primer-terminus
depends on the function of the RFC clamp loader, a
heteropentameric complex initially identified as a com-
ponent required for SV40 DNA replication (Tsurimoto and
Stillman, 1989). RFC has been also characterized in yeast
(Yoder and Burgers, 1991; Fien and Stillman, 1992) and
mammals (Podust et al., 1992; Mossi et al., 1997). The
RFC complex facilitates loading of the PCNA clamp
which, eventually, recruits DNA polymerase  (reviewed
in Hu¨bscher et al., 1996; Mossi and Hu¨bscher, 1998). The
domains involved in DNA primer end recognition have
been mapped to the C-terminal half of the protein, in-
cluding the conserved motifs V and VII (Uhlmann et al.,
1997), while the N-terminal half (domain I) stimulates
DNA binding (Mossi and Hu¨bscher, 1998). Consistent
with these studies, the clone isolated here, which en-
codes a truncated large subunit but contains the con-
served V–VII domains, also interacts with DNA. Detailed
footprinting analysis revealed that RFC binds preferen-
tially to the template-primer junctions covering 15 nt of
the DNA primer-terminus and about 20 nt in the template
(Tsurimoto and Stillman, 1990, 1991). Based on the se-
quence and domain conservation, it is conceivable that
the N-terminal domain of TmRFC-1 may not be required
for clamp loading (Uhlmann et al., 1997; Podust et al.,
1992). In addition, TmRFC/DNA and TmRFC/PCNA inter-
actions as well as those among the different wheat RFC
subunits may have characteristics similar to those of
other eukaryotic RFC complexes. In this context, it
should be kept in mind that the truncated TmRFC-1
isolated here lacks domain II, crucial for PCNA interac-
tion (Uhlmann et al., 1997; Mossi et al., 1997).
We have found that WDV Rep interacts with RFC and
that its large subunit may mediate in this process. This
together with the known biochemical properties of RFC
and the nature of the product of the initiation reaction
during geminivirus DNA-primed DNA replication pro-
vides the basis to elaborate a model for the assembly of
the elongation complex (Fig. 7). In the case of WDV,
binding of Rep to its cognate sites within the origin core
along with DNA-mediated oligomerization would allow
the formation of multimeric Rep/DNA complexes (Fig. 7,
steps 1 and 2). This would be sufficient for initiation of
RCR by Rep introducing a site-specific nick within the
loop (Fig. 7, step 3). Since nicking by Rep produces a
3-OH terminus and RFC requires the presence of a
3-OH terminus for efficient DNA binding, our results
support a view in which WDV Rep stimulates the recruit-
ment of RFC after initiation. Subsequently, PCNA can be
incorporated into the preelongation complex (Fig. 7, step
4). Recent studies with yeast RFC favor the idea that a
functional RFC–PCNA complex is formed prior to binding
to the 3-OH primer-terminus (Gomes et al., 2001), simi-
larly to what occurs in prokaryotic systems (Sexton et al.,
1998; Hingorani et al., 1999). Therefore, it may occur also
for WDV, that a preformed RFC/PCNA complex, in the
presence of ATP, could be directly recruited onto the
newly formed 3-OH primer-terminus. Finally, a DNA
polymerase can be recruited, concomitantly with ATP
hydrolysis and release of RFC, leading to the assembly
of an elongation complex that can extend the primer (Fig.
7, step 5). The geminivirus DNA replication features at
the RCR stage strongly suggest that the replicative com-
plex should contain a processive DNA polymerase. Such
a DNA polymerase activity, stimulated by PCNA, has
been previously identified in wheat-cell extracts (Richard
et al., 1991; Laquel et al., 1993). Therefore, our studies
should provide the groundwork to tackle the reconstitu-
tion of a geminivirus DNA replication system in vitro
which could serve to delineate the molecular interac-
tions that take place. Our preliminary attempts in this
direction using model substrates, purified Rep and PCNA
proteins, and cellular fractions enriched for RFC and
DNA polymerase activities have so far been unsuccess-
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ful, strongly suggesting that additional factors and/or
different experimental conditions are required.
The similarities in amino acid sequence and domain
organization of WDV Rep protein with that of other gemi-
niviruses extend beyond the ability to carry out the initi-
ation reaction. All geminivirus Rep proteins share the
domains responsible for DNA binding, DNA cleavage
and oligomerization, as well as their C-terminal moiety
(Hanley-Bowdoin et al., 1999; Gutierrez, 1999). Therefore,
it is conceivable that the Rep-dependent mechanism
outlined above for WDV may be valid for other geminivi-
ruses. Since differences exist among different geminivi-
ruses in the modular organization of the origin and the
viral proteins required for DNA replication, the possibility
exists that slight variations of this model have evolved. In
any case, the final outcome will be the formation of a
Rep/RFC/PCNA/DNA polymerase complex on the 3-OH
primer-terminus. Whether this is the case needs to be
experimentally addressed.
Geminiviruses use a DNA-primed DNA replication
mechanism. Viruses with circular ssDNA genomes in-
clude plant nanoviruses (Katul et al., 1998; Sano et al.,
1998; Mansoor et al., 1999) and animal circoviruses
(Mankertz et al., 1998; Mankertz and Hildebrand, 2001).
They encode Rep-like proteins, highly homologous to
those of geminiviruses (Timchenko et al., 1999, 2000;
Merits et al., 2000; Horser et al., 2001; Mankertz and
Hildebrand, 2001). Therefore, we speculate that in these
viruses Rep may assist in recruiting RFC to the initiation
complex. Parvoviruses use a rolling-hairpin replication
mechanism, a specialized version of the rolling-circle
replication strategy, adapted to replicate their linear
ssDNA genome (reviewed in Cotmore and Tattersall,
1996). Cellular proteins required for parvovirus DNA rep-
lication, including RFC, PCNA, and DNA polymerase ,
among others, have been identified (Ni et al., 1994, 1998).
Interestingly, the parvovirus initiator protein shares with
geminivirus, nanovirus, and circovirus Rep, two of the
amino acid motifs crucial for the initiation reaction (Ilyina
and Koonin, 1992; Gutierrez, 1999). Therefore, it might
be important to determine whether the molecular inter-
actions between the Rep protein and DNA replication
factors, outlined here for geminivirus Rep, also occur in
parvoviruses. Should these predictions prove correct,
the model derived from our study may represent a
general mechanism that applies to plant and animal
ssDNA replicons that use a DNA-primed DNA replication
strategy.
MATERIALS AND METHODS
Yeast two-hybrid screening
Yeast growth conditions and two-hybrid analysis have
been described (Xie et al., 1995). Yeast were first trans-
formed with plasmid pGBT-Rep and, then, with the wheat
cDNA library (Xie et al., 1999). The transformation mixture
was plated on yeast drop-out selection medium lacking
tryptophan, leucine, and histidine, supplemented with
3-amino-1,2,4-triazole (3-AT). Transformants, recovered
during a 3- to 8-day period, were checked for growth in
the presence of 20–30 mM 3-AT. The interaction was
corroborated by a -galactosidase assay (Breeden and
Nasmyth, 1985).
RNA preparation and gel blot analysis
Total RNA from 1 ml of T. monococcum suspension
cultured cells (Hofer et al., 1992), or shoots and roots
(1–2 g) of common wheat, was prepared after grinding
the cell pellet in liquid nitrogen, by extracting with buffer
FIG. 7. A model proposed for the steps in the assembly of an
elongation complex during geminivirus DNA-primed DNA replication.
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containing 50 mM Tris–HCl, pH 6.0, 10 mM EDTA, 2%
SDS, 100 mM LiCl. After heating at 65°C, phenol (4 ml)
was added, mixed vigorously, and centrifuged (8000 g, 15
min). The supernatant was extracted twice with phenol
and, finally, the RNA was precipitated with 4 M LiCl in the
cold room. Poly(A) mRNA was isolated from the total
RNA preparation using an oligo(dT) cellulose affinity ma-
trix (Amersham) according to the manufacturer’s instruc-
tions. Partial synchronization of the cell culture was
achieved by treating with hydroxyurea (10 mM) for 36–48
h and then releasing the culture into fresh medium lack-
ing the drug. Aliquots of the RNA samples were dena-
tured, fractionated in a 1.2% agarose gel in MOPS sup-
plemented with 2.2 M formaldehyde, and transferred to a
Zeta-Probe membrane (Bio-Rad). The filters were hybrid-
ized with random-primed 32P-labeled probes (Boehringer
Mannheim) consisting of an EcoRI fragment of plasmid
pGADGH-15B containing the TmRFC-1 cDNA isolated
here, a wheat histone H4 probe (Q. Xie and C. Gutierrez,
unpublished data) and a wheat 28 rDNA probe. RNA
molecular weight markers were purchased from Boeh-
ringer Mannheim.
Constructs and purification of recombinant proteins
Maize PCNA (Lopez et al., 1995) was overexpressed in
Escherichia coli BL21 (pLys) from the expression plasmid
pProEX HT. His-PCNA was purified from Ni-NTA agarose
beads, following the instructions of the supplier (Qiagen).
WDV MBP-Rep was overexpressed in E. coli BL21 from
the plasmid vector pMal-c2 and purified as previously
described (Castellano et al., 1999). GST-TmRFC1 was
overexpressed in E. coli BL21 from the plasmid vector
pGex-2T and purified following the instruction of the
supplier (Pharmacia).
Oligonucleotides and EMSA
Three oligonucleotides were used to mimic a gapped
DNA of a geminiviral LIR fragment containing the binding
site for Rep (Castellano et al., 1999): (1) GGGGGCCTC-
CACGCGGGAGAGAGATAGAGAAGATTAGATCAGTATAG-
TAATATC, (2) CCCGCGTGGTGGCCCCC, and (3) GATAT-
TACTATACTGATCTAATCTT. Annealing of oligonucleo-
tides and electrophoretic mobility shift assays (EMSA)
were carried out as previously described (Castellano et
al., 1999). Reaction mixtures, in a final volume of 10 l,
contained either 100 ng Rep, 10–250 ng GST-TmRFC-1, or
wheat RFC-containing fractions, as indicated, 25 mM
Tris–HCl, pH 7.5, 1 mM DTT, 75 mM NaCl, 0.1 mg/ml
salmon sperm DNA, 1 mM ATP, and 7 mM MgCl2, 12%
glycerol, and 50 fmol radiolabeled oligonucleotide. After
15 min of incubation at 4°C, the samples were fraction-
ated by electrophoresis in non-denaturing 4% polyacryl-
amide gels at 4°C.
Polyclonal antisera against wheat RFC-1 and Western
analysis
The peptide CDSKPKLDLQSDNKKG, corresponding to
a C-terminal region of TmRFC-1, was synthesized; the
purity of the peptide was monitored by reverse-phase
HPLC and its identity confirmed by mass spectrometry
(Protein Chemistry Service, Centro de Biologia Molecu-
lar). The peptide was reduced by treatment with sodium-
borohydride, conjugated to KLH (Pierce), and used to
immunize rats according to standard protocols. Immune
and preimmune sera were tested in Western blots.
Wheat-cell extracts (25 g) or purified proteins (1–10
ng) were fractionated by SDS–PAGE and transferred to
Immobilon-P membranes by the semidry system at 15
mV for 90 min. Membranes were treated with blocking
solution (10 ml PBS containing 0.2% Tween-20 and 5%
nonfat milk) for 30 min with gentle shaking. Then, rat
antisera (1:2000) were added, at room temperature for
1 h or at 4°C overnight, with shaking. Membranes were
washed three times (PBS containing 0.2% Tween-20).
Anti-rat IgG (1/10,000) was used as secondary antibod-
ies, and the proteins identified using the ECL detection
system (Pharmacia). Competition assays were carried
out by incubating the polyclonal serum with a 1000-fold
excess (500 ng) of the peptide, for 30 min at room
temperature.
Purification of a fraction enriched for wheat RFC
by affinity chromatography on PCNA
and WDV Rep beads
Wheat-cell extracts were fractionated at 0–4°C. Frozen
wheat cell pellets (150 g) were ground in a mortar with
liquid N2 and 1 vol extraction buffer (50 mM Tris–HCl, pH
7.8, 300 mM NaCl, 250 mM sucrose, 10 mM DTT, 1 mM
PMSF, 5 g/ml each leupeptin and pepstatin, and 10
g/ml aprotinin), and gently homogenized for 15 min. The
cell homogenate was centrifuged at 30,000 g for 15 min,
and the supernatant recovered and cleared by ultracen-
trifugation (140,000 g for 1 h). Proteins in the supernatant
were precipitated with 70% ammonium sulfate, directly
resuspended in cold buffer ANE (50 mM Tris–HCl, pH
8.0, 10 mM -mercaptoethanol, 20% glycerol), and ad-
justed to a final concentration of 150 mM of salt (ca. 25
vol protein pellet). Proteins were immediately loaded
onto a DEAE–cellulose column (10 ml) equilibrated in
ANE buffer containing 150 mM NaCl and washed with 5
vol of the same buffer. Proteins were eluted with 1 vol
ANE buffer equilibrated to 300 mM NaCl. This fraction
was diluted with 1 vol ANE buffer and loaded onto a
phosphocellulose P11 column (20 ml) equilibrated in
ANE buffer containing 150 mM NaCl. After washing with
5 vol of the same buffer, the retained proteins were
eluted with 1 vol ANE buffer containing 800 mM NaCl.
This fraction (P11-R) was dialyzed against ANE buffer
containing 150 mM NaCl, in the presence of protease
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inhibitors, as described (Gerik et al., 1997). ATP (1 mM)
and MgCl2 (7 mM) were then added, and the sample was
aliquoted and stored at 80°C.
Affinity chromatography (batch) on PCNA beads was
carried out using a Ni-NTA-HisPCNA agarose matrix. The
beads, containing 50 ng of PCNA, were equilibrated
and washed in ANE buffer containing 150 mM NaCl,
supplemented with 1 mM ATP and 7 mM MgCl2. Ten
milliliters of the P11-R fraction were incubated with the
PCNA beads with a gentle rotary movement at 4°C for 15
min. PCNA beads were recovered by centrifugation and
washed three times with 1 ml of the same buffer. Pro-
teins bound to PCNA beads were eluted with 2 vol ANE
buffer containing 800 mM NaCl supplemented with 2 mM
EDTA. This fraction (Elu-PCNA) was microdialyzed on a
nitrocellulose filter against 200 vol ANE buffer containing
150 mM NaCl, aliquoted, and stored at 80°C.
Affinity chromatography (batch) on WDV Rep beads
(for analytical purposes) was carried out using an MBP-
Rep amylose matrix, containing20 ng of MBP-Rep. The
binding buffer contained 25 mM Tris–HCl, pH 7.5, 1 mM
DTT, 150 mM NaCl, 1 mM ATP, and 7 mM MgCl2, and the
reaction mixture contained 300 l of fresh wheat-cell
extract. When indicated, 200 fmol gapped DNA (de-
scribed in Fig. 4A, top) was added. Incubations took
place for 1 h at 4°C on a rotary mixer. Samples were
centrifuged; the supernatant was discarded, and the
beads were washed three times with 1 vol of the reaction
buffer. Beads were finally resuspended in 15 l of SDS–
PAGE sample buffer.
Gel filtration (Sepharose 4B CL columns)
EMSA reaction mixtures were scaled up to 100 l.
After incubation, they were loaded onto a Sepharose 4B
CL column (0.5  15 cm), previously equilibrated with
EMSA buffer (25 mM Tris–HCl, pH 7.5, 1 mM DTT, 75 mM
NaCl, 1 mM ATP, and 7 mM MgCl2). Separation of com-
plexes was performed at 4°C by passing 10 vol EMSA
buffer. Fractions (500 l) were collected and the radio-
activity directly determined in a scintillation counter.
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